An efficient and environmental-friendly method, featuring a cyanide-free plating process was established for Au-coated Ag wire (ACA). This new Ag wires can meet the reliability standards of wire bonding. The proposed ACA wire was studied to ensure compatibility with electrical properties; mechanical properties and free air ball characterization. Tensile tests showed that ACA wire was stronger than pure Ag wire. The Au coated layer has excellent an bonded interface with the Ag wire. Electrical properties at high temperature demonstrate that the ACA wire maintains outstanding electrical resistance. Further, the Au layer coating the Ag prevents wire oxidation and corrosion during the packaging process. ACA wire formed by the cyanide-free plating method can be used for IC and LED packaging processes.
Introduction
Fine metal wires between bond pads and lead frames are important channel in the semiconductor packaging industry. 1, 2) Gold wire is the most commonly used material in such packaging.
35) However, IC manufacturers are gradually switching from Au wire to Cu wire to reduce cost. Compared with gold, copper has better electrical and thermal properties.
68) Although copper wire is easily oxidized and has lower reliability (low ductility) of bonding, 8) it not completely replace gold wire. Silver wire is an alternative interconnecting material with promising cost savings compared with gold wire.
911) Sliver has the best electrical performance and can be utilized with the standard bonding tools of the Au wire process.
Nonetheless, pure Ag wire still has some challenges; for instance, its low corrosion resistance 12) and poor connections with bond pads. Therefore, this study electroplated a gold layer on the surface of Ag wire to protect it from oxidation. Au-coated Ag wire (ACA) is a promising material that can enhance bonding strength and the surface performance. The typical deposition bath of ACA wire is a cyanide solution, called potassium dicyanoaurate, which is highly toxic and should therefore not be used. 13) In consideration to safe processes and environmental concerns, cyanide-free (noncyanide) plating is the best solution for the processing of coated wire (so-called green engineering).
In this study, electroplating techniques of cyanide-free electrolyte were used to produce the ACA wire, which until now has not been investigated in the current literature, especially for the fine silver wire. The emphasis of this study was the investigation of the mechanical properties and free air ball (FAB) characterizations of the ACA wire. Measurements of the electrical parameters of the fine ACA wire were carried out at room temperature. Notably, the electrical properties at high temperature of ACA wire were investigated because it is a critical characteristic for high-power LEDs (operating temperature: 85°C). The results of the cyanide-free ACA wire measurements can be considered as a reference for the LED packaging industry 14) and verifies that using a cyanide-free plating process for fine wire is feasible.
Experiment
2N silver wire of 20 µm in diameter was used in the present study, and a 100 nm Au film was deposited on the wire surface by a non-cyanide gold bath. Ag wire electroplating was conducted in a bath containing a gold sulfite complex (10 g/dm 3 of gold), ethylenediamine and nitrobenzene. The bath pH and temperature were maintained at 7.8, 55 « 1°C, respectively. Au electro-deposition was conducted at a constant current density of 1 A/dm 2 for 30 s.
The wire bonder used an electronic flame-off (EFO) process to create an FAB, for which the shielding gas was not used in the ACA wire. The structures of the wire, FAB and the heat affected zone (HAZ) were analyzed by a FIB-SEM. For the fusing current test, an effective wire length was 10 mm. A DC voltage of 0.01 V per 2.5 s was added from 0 V until the wire failed, the test temperatures of which were respectively 25°C and 85°C. A microscale tensile test was carried out using a JOBHO TD-121 tensile tester. The test types were the wire tensile and interfacial tensile of wire bonded on 800 nm Al pad, as shown in Fig. 1 . The tester strain rate and the test length were 5 © 10 ¹3 s ¹1 and 50 mm, respectively. A micro-hardness test (Vickers hardness) was used to determine the hardness before and after the EFO process. The first test point was at the center of the FAB while second point was on the right of the neck, away the ball. After the second test point, one point was measured every 20 µm along the wire until a hardness similar to the wire before the EFO process was found.
Results and Discussion

Surface characteristics of wire
The surface morphologies of the Ag wire was illustrated in Fig. 2(a) . This image shows some wear marks parallel to the drawing direction. Figure 2(b) displays the same wear marks in the ACA wire. The Au layer, as shown in Figs. 2(c)(d) , was excellently bonded with the ACA wire, the thickness which was about 100 nm.
Microstructure observations of the ACA wire are presented in Fig. 2(e) . The middle area of this wire is comprised of equiaxed grains with a size of 3³4 µm; further, many smaller grains (0.5³1 µm) are located around the equiaxed grains. Observations of Fig. 2 (e) also demonstrate that there are some annealed twins in the ACA matrix.
FAB and HAZ of ACA wire
The EFO process was the first step in the wire bonding. In this process, a fine wire tail was melted during the discharge and a molten metal drop solidified and thus formed a free air ball (FAB). In addition, the melting heat created a HAZ in the bonding wire during the EFO process.
The cross-section microstructures of the ACA wire after the EFO process are shown in Figs. 3 and 4 . As can be seen, the FAB structure was comprised of many columnar grains (Fig. 3) . In addition to the grains of balls, the necks of the Ag balls showed some larger grains and annealing twins. In Fig. 4(a) , the length of the HAZ was 160 µm, the crystal structure of which was similar to equiaxed grains (Fig. 4(b) ).
3.3
Tensile strength (Ag wire) and bonding strength (Ag wire/Al pad) Typical tensile stress strain curves of the Ag and ACA wires are offered in Fig. 5(a) . As can be seen, two wires had similar Young's modulus (E). The tensile strength (UTS), yield strength (YS) and elongation (EL) of both wires are presented in Table 1 . Remarkably, the ACA wire is superior to the Ag wire in tensile strength, and had the same level of elongation as the Ag wire. Figures 5(b)(c) show the ductile fractured characteristics of the Ag and ACA wires. There was uniform deformation for both wires and awl-shaped fractured surfaces were found. Figure 6 provides the interfacial tensile strength of the wires bonded on the aluminum pads. For the Ag wire bonded on the Al pads, the average interfacial tensile strength was 156.5 MPa and the average yield strength was 121.5 MPa. As listed in Table 1 , the average tensile and yield strength for the ACA wire bonded on Al pads were respectively 166.6 MPa and 131.3 MPa, which are higher than those of the interfacial tensile strengths of Ag. 15) Consequently, cyanide-free ACA wire is a good candidate for the wire bonding process. Figure 7 shows the I-V curves of Ag and ACA wires at room temperature (25°C) and high temperature (85°C). 15) At room temperature (Fig. 7(a) ), Ag wire and ACA wire had the equal fusing current, 0.48 A; however, it should be noted that the fusing current of the Ag wire was 0.15 A for high temperature test (85°C) while the ACA wire had a higher fusing current (0.47 A). In Fig. 7(b) , the starting voltage of the Ag wire increased because Ag easily oxidizes at high temperature. The ACA wire had a low starting voltage at 85°C, which indicates that the ACA wire still demonstrated outstanding electrical resistance at high temperature. Thus, an understanding of how to utilize coating layers to protect Ag wire is important for the optimization of the processing condition for fine wire bonding.
Fusing currents and I-V curves of wires at high temperature (85°C)
Conclusion
(1) Cyanide-free Au-coated Ag (ACA) wire was comprised of equiaxed grains and twins. HAZ length was 160 µm during the EFO process and was comprised of equiaxed grains and twins. (2) ACA wire features good wire and interfacial tensile strengths. It had superior electrical properties than the Ag wire at high temperature, which indicates that the Au layer protects the wire from oxidation and maintains the electrical performance of the Ag matrix. 
